Abstract. Periodic outbreaks of african swine fever virus (aSFV) infection around the world threaten local populations of domestic pigs with lethal disease and provide grounds for pandemic spread. effective vaccination may bring this threat under control. We investigated the effectiveness of select peptides mimicking viral proteins in establishing a protective immune response. Forty-six synthetic peptides based on the analysis of the complete nucleotide sequence of aSFV were tested for immunogenicity in mice. The 17 best immune response-inducing peptide candidates were selected for further investigation. Twenty-four domestic pigs, 3-4 months old and weighing 20-25 kg, were divided into six groups (n=4) and immunized by subcutaneous injection using a standard threeround injection protocol with one of four peptide combinations prepared from the 17 peptides (Groups 1-4) or with carrier only (Group 5). Group 6, the control, was not vaccinated. animal body temperature and behavior were monitored during and post immunization for health assessment. Two weeks after the last round of immunizations, the pigs were infected with live aSFV (espania 70) at 6.0 ig Gae 50 /cm 3 , and the survival rate was monitored. Blood samples were collected for analysis the day before infection and on days 3, 7 and 10 post-infection, or from deceased animals. The serum titers of specific immunoglobulins against synthetic peptides and whole inactivated aSFV were determined by enzyme immunoassay before and after infection. The presence of viral dna in blood serum samples was determined by polymerase chain reaction. Viral infection activity in blood sera was determined by heme absorption in cultured porcine bone marrow and porcine leukocyte cells. repeating the injection of synthetic peptides in both the mice and pigs produced an immune response specific to individual peptides, which differed widely in the intensity scale. Specific anti-whole virus immunoglobulin binding activity in the swine serum samples from all groups was below the detection limit. Viral dna was positively identified in all the samples infected with viral preparations. Viral infection activity was present in all the infected animals and steadily increased with time. on day 3 after infection, the viral titer was significantly lower in Groups 1 and 3 than in the unvaccinated controls. in deceased animals, the viral titer was significantly lower in Groups 1 and 3 than in the controls. all infected animals died within 17 days of infection. The average survival rate was significantly higher in Groups 1 and 3 (12.0 and 14.3 days, respectively) than in the controls (9.8 days). Vaccination with specific synthetic peptides significantly delayed mortality in domestic pigs infected with aSFV. These results justify further investigation aimed at developing an effective vaccine against aSFV infection.
Introduction
african swine fever (aSF), a tick-borne (1) highly contagious disease that has an almost 100% mortality rate in infected domesticated swine, was first reported in Kenya in 1921 (2) . In the 1950s and 1960s, it became epidemic in many european and african countries, resulting in heavy economic losses in affected areas. The aSF virus (aSFV) originates from subSaharan africa, where it naturally infects wart hogs and bush pigs without apparent symptoms. Presently, aSF is endemic in many Mediterranean and african countries, and remains one of the most serious viral diseases threatening the swine industry due to a lack of effective prophylactic measures (3) (4) (5) . Since to date no preventive measures have been developed, the quarantine and slaughtering of infected animals is the routine method for preventing the spread of the disease.
aSFV mainly replicates in macrophages and monocytes, and induces a host immune response characterized by the lack of neutralizing antibodies (6) (7) (8) . acute infections are associated with decreased numbers of circulating macrophages, monocytes, lymphocytes and neutrophils (5) . disseminated intravascular coagulation develops during the late phase of acute infections, and this may lead to the characteristic hemorrhagic syndrome (9) . a striking aspect of aSFV infection is that virus-specific antibodies -even those from recovered or chronically infected pigs, or those found in aSFV-resistant animal species inoculated with the virus -do not neutralize the virus (3, 6, 7) . The causative agent of aSF is the only member of the family Asfarviridae; a large (200-nm diameter) icosohedral cytoplasmic dna virus 175-215 µm in diameter consisting of a double-stranded 170-kb long dna genome which encodes 151 identified open reading frames (10) . Viral proteins have been localized and studied by various research groups (11) (12) (13) (14) (15) (16) (17) (18) . although it has been shown that aSFV does not induce neutralizing antibodies, different isolates of aSFV have been demonstrated to be neutralized by convalescent swine immune sera and monoclonal antibodies (8, 19, 20) . Gomez-Puertas et al demonstrated that certain neutralizing antibodies were capable of neutralizing different proteins of aSFV, inhibiting both virus attachment and internalization (21) .
Vaccination with viral protein-mimicking peptides postpones mortality in domestic pigs infected by African swine fever virus
our main objective was to develop novel peptides for a disease-protective vaccine against aSFV, and to observe whether the survival time of domestic pigs vaccinated with these peptides, then challenged with aSFV, would be increased.
Materials and methods
Peptide design. Forty-six synthetic peptides based on the analysis of the complete nucleotide sequence of aSFV (10) (Table i) were synthesized and biotynilated at the n-terminal using four carbon spacers by GenScript (Piscataway, nJ, uSa).
Preparation of conjugate peptide and carrier protein.
conjugate streptavidin-polyhrP20, #SP20c (Str-hrP), utilized as a carrier protein, was purchased from SdT (Germany); urea and salts for PBS were obtained from Fluka (Schweiz). reagents were of analytical grade. Solutions were prepared using pyrogen-free milliQ grade water. Peptides were dissolved in 8 M urea, mixed with Str-hrP solution in PBS and incubated at +4˚c overnight. The mixture of peptides and carrier protein (Str-HrP) was frozen and stored at -20˚c until use for the immunization of animals. The final concentrations of the peptide-Str-hrP solutions were 0.8 and 0.6 mg/ ml (0.3 mM) for peptides and Str-HrP, respectively. The final concentrations of urea in the peptide-Str-hrP solutions were 2 M for all peptides.
Immunization of mice. Female BalB/c mice (five per peptide) were immunized by intraperitoneal injection using 100 µg peptide per animal in a final volume of 250 µl of 1:1 (v:v) of peptide + Str-hrP:adjuvant using complete Freund's adjuvant (calbiochem, ca, uSa) on day 0 and incomplete Freund's adjuvant (calbiochem) on days 7, 14 and 28. immunization caused a 3.33% mortality rate in mice without apparent preferences towards individual peptides. on the 45th day, the mice were sacrificed and blood was collected in 2-ml microcentrifuge tubes. Blood serum was prepared by centrifugation, aliquoted and stored at -20˚c. all procedures were performed according to the humane and customary care and use of experimental animals, and followed a protocol approved by the internal institutional animal safety review committee.
Immunization of pigs. Twenty-four domestic pigs (large White breed), 3-4 months old and weighing 20-25 kg, were obtained from a farm in Vladimir, russia. The pigs were not vaccinated against any infectious disease. after a quarantine period, the experimental animals were divided into six groups (four gilts in each). each group was immunized with one of four synthetic peptide group combinations (Table ii) using the 17 peptides selected for high immune response from the murine experiment. The pigs were injected subcutaneously with 2.5 ml of peptide/Str-hrP/adjuvant into the ear bases using complete Freund's adjuvant on day 0 and incomplete Freund's adjuvant on days 7 and 14. Blood samples were collected for serum preparation on day 14 prior to the second booster and on day 28 of the vaccination protocol. animal body temperature and behavior were monitored during the immunization. repeated injections of the synthetic peptides did not cause any health problems in the domestic pigs. The vaccinated animals did not exhibit any depression or refusal of forage intake during the immunization period. animals in Group 5 received injections of carrier only and animals in Group 6 were not injected. all procedures were performed according to the humane and customary care and use of experimental animals, and followed a protocol approved by the internal institutional animal safety review committee.
Infection of pigs with ASFV.
Two weeks after the last round of immunization, the pigs were challenged with a virulent aSF virus [strain espania (e-70) intramuscularly at a dose of 1,000 hau 50 ]. aSF virus virulent strain e-70 with the infectious activity of 6.0 lg hau 50 /cm 3 was obtained in the form of virus-containing blood from Spain in 1978. aSFV was grown in eagle's medium (МЕМ) with 10% of porcine blood serum, рН 7.2-7.4, in 1-or 2-day porcine bone marrow (PBM) cell cultures or porcine leukocyte (Pl) cell cultures in plastic flasks.
animal body temperature and survival of gilts was monitored daily throughout the study. Blood samples for analysis were collected a day before infection, and on days 3, 7 and 10 after infection, or from deceased animals. The serum titer of specific immunoglobulins against synthetic peptides and whole inactivated aSFV were determined by enzyme immunoassay (eia) before and after infection.
Anti-peptide immune response assay. Microtiter plates were coated with individual peptides in 100 µl/well 5 µg/ ml peptide in 50 mM carbonate buffer, ph 9.5, for 20 h at 20˚c. after washing, the wells were incubated with serial dilutions of mouse serum in PBS/0.5% BSa/0.05% Tween-20 (binding buffer; BB). after another washing step, the wells were incubated with 100 µl/well rabbit anti-mouse igG or rabbit anti-swine igG (for mouse or pig samples, respectively) polyclonal antibodies conjugated with horse radish peroxidase (HrP) in BB for 30 min at 37˚c. after a final washing, the titer of anti-peptide mouse igG was determined by color reaction with TMB substrate solution at 450 nm. Titer results were corrected by adjustment to individual peptide binding to plastic wells, which was determined by the amount of plasticbound biotin as follows: individual peptide-covered wells were incubated with 100 µl/well streptavidin-hrP solution in BB for 30 min at 37˚c. after washing, peptide binding was Table i . Synthetic peptides (PePs).
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determined by color reaction with TMB substrate solution at 450 nm. Test procedures were performed in triplicate for each serum sample. The resulting anti-peptide titer was expressed as an average from animals in corresponding groups (n=5 in mouse experiment, n=4 in pig experiment) in arbitrary` units.
Isolation of ASF virus. isolation of the aSF virus from the blood of the challenged controls was carried out in PBM cell culture, and its genome was identified by Pcr. Viral infectious activity in the blood of infected pigs was determined by titration in PBM or Pl cell cultures. The readings were based on heme adsorption (had) test results. The virus titers were determined from the results of two titrations and calculated using the reed-Muench method.
Isolation of nucleic acids. nucleic acids were isolated from the blood of the infected pigs after challenge using aSFV dna detection by Pcr. For this purpose, 100 µl of blood was lysed in 500 µl of chaotropic lysing buffer at 65˚С. after lysis, 30 µl of a sorbent was added and the solution was carefully mixed and centrifugated at 12,000 rpm. The supernatant was removed, the sediment was washed in 600 µl of 70% ethanol and the tubes were centrifugated at 12,000 rpm. The supernatant was removed and the sediment was dried at 56˚С. DNa was eluated in 50 µl of Te-buffer. Pcr was conducted in a reaction mixture at a volume of 25 µl containing the 5-fold buffer for amplification, 100 µМ of each dNTP, 5 pmol of each primer (p72F, 5'-tgt gcg cgg atc ctg cat ccc agg gga taa aat g-3' and p72r, 5'-aaa att ctc cgg act aat cct ttt gcg atg caa gct-3'), 1 unit of Taq-dna-polymerase and 5 µl of the dna preparation. The results were read using electrophoretic separation indices of the amplification products on 1.5% agarose gel prepared in Tris borate buffer.
Statistical analysis. data are expressed as the means ± Sd, as indicated in the results, for the groups. data from the two control groups (Groups 5 and 6) that were not immunized with synthetic peptides were combined for calculations as a single control group. data were analyzed by the independent sample t-test, using Medcalc Software (Markakerke, Belgium). Pearson's correlation coefficient was determined for the correlation between the mouse and pig immunogenic responses to the 17 selected peptides using Medcalc Software (Markakerke).
Results

Effect of synthetic peptide injection on immune response in mice and
pigs. repeated injections of synthetic peptides in both mice and pigs produced an immune response specific to 
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The intensity of the immune response varied from peptide to peptide. The 17 peptides with the most intensive immune response in mice were selected for further testing in the domestic pig model. The intensity of immune response was positively correlated (r=0.693, p=0.002) when compared between mice and pigs for the 17 peptides tested in both species. Specific anti-whole virus immunoglobulin binding activity in swine serum samples was below the detection limit in all animals (tested only in pigs).
Effect of synthetic peptide injections on viral infection activity in pigs.
Viral DNa was positively identified in all the animal samples infected with the viral preparation. Viral infection activity was present in all the infected animals and steadily increased with time, as shown in Fig. 2 . on day 3 after infection, viral titers in the animals in Groups 1 and 3, vaccinated with peptide combinations 1 and 3, respectively, were significantly lower (14%, p=0.012 and p=0.038) than in the controls (Groups 5 and 6). among the deceased animals, the viral titers in Groups 1 and 3 were significantly lower (6%, p=0.031 and 7%, p=0.017, respectively) than in the controls. Virus accumulation in animal blood on day 3 following the infection was found to be 3.0-4.75 lg hau 50 /cm 3 . For deceased animals, the virus titers reached 5.0-6.5 lg hau 50 /cm 3 .
Results of virus challenge inoculation in pigs.
The infected animals were observed daily for body temperature increases and other symptoms of infection. From day 3 after viral challenge, the gilts exhibited an increase in body temperature that reached 41.0-42.0˚С. changes in body temperature monitored in animals before and after infection did not differ between (Fig. 1) . The disease took its course, demonstrating specific aSF manifestations in both vaccinated pigs and controls, including marked depression, refusal of forage intake, diarrhea (containing blood inclusions), as well as cutaneous cyanosis in such areas as the ears, neck, perineum and abdominal wall.
Survival of infected animals. all infected animals died within 17 days of infection. The mean survival rates of the animals in Groups 1 and 3 were significantly higher (p=0.038 and p=0.030, respectively) than in the controls, as shown in Fig. 2 . The average survival of Group 1 animals was 12.0±0.82 days, and that of Group 3 animals 14.3±2.63 days, in contrast to an average survival of 9.8±2.38 days for the control animals (combined Groups 5 and 6). The mean viral titer was significantly lower in Group 1 (in deceased animals) and Group 3 (at day 3 after infection and in deceased animals) compared to the non-immunized controls.
Discussion
due to the inability to vaccinate against aSFV, researchers have turned to studying viral proteins in aSFV and using peptide isolates for vaccination attempts against aSFV. carracosa et al (11) localized seven aSFV structural proteins in the virion by immunoelectron microscopy: proteins p14 and p24 in the external region of the virion, proteins p12, p72, p17 and p37 in the intermediate layers, and protein p150 in the nucleoid and in one vertex. in addition, a monoclonal antibody that recognized protein p150 as well as p220, a virusinduced, non-structural protein, was also capable of binding to a component present in the nucleus of both uninfected and virus-infected cells. lopez-otin et al mapped and sequenced the gene coding protein p72, the major capsid protein of aSFV and the most immunogenic protein in natural infection (12) . Galindo et al characterized the aSFV protein p49 (open reading frame B438l), a structural component of purified virus particles, which is transcribed late during viral infection and located in cytoplasmic virus factories (13) . Gomez-Puertas et al studied the induction of neutralizing antibody during aSFV infection in pigs using attenuated viruses (21) . of the surviving pigs inoculated with three different isolates, the group inoculated with e75cV1-4 presented detectable viremia for at least 3 weeks, while pigs inoculated with isolates 1207Vr15 and 608Vr13 showed neither viremia nor clinical symptoms. convalescent swine sera obtained 3-4 weeks after infection demonstrated a reduction of infectivity of 87-100%. Western blot (immunoblot) analysis of sera from convalescent pigs revealed that p72, p30 and p54 were three of the most antigenic proteins during infection (21) , confirming previous reports (14) (15) (16) (17) (18) . The aSFV neutralization proteins anti-p72 and -p54 in the sera of convalescent pigs neutralized the virus only before attachment to different susceptible cells, whereas serum against p30 neutralized the virus equally when antibodies were incubated with the virus before or after attachment to cells (21) . Sera against p72 and p54 inhibited ~60% of virus attachment in both Vero cells and pig macrophages, while anti-p30 serum did not inhibit virus attachment to cells. inhibition of virus internalization showed that more than 90% of the virus incubated post attachment with anti-p72 or -p54 was internalized into the cells after 4 h of incubation at 37˚c. However, anti-p30 antibodies inhibited virus internalization by more than 95% in both Vero cells and pig macrophages. The authors concluded that antibodies against p72 and p54 were capable of inhibiting an early step in the virus replication cycle related to virus attachment, while anti-p30 antibodies inhibited a later step related to virus internalization (21) . These results indicate that specific proteins can be assigned to different neutralization mechanisms. a previous study by neilan et al evaluated the roles of p30, p54, p72 and p22 in protective immunity against aSFV by immunizing pigs with isolates of these proteins and challenging them with aSFV virus (22) . Test animals exhib- ited a 2-day delay in the onset of clinical disease and reduced viremia levels at 2 days post-infection; however, by day 4 post-infection, there were no significant differences between the two groups, and all animals in both groups died between 7 and 10 days post-infection, indicating that neutralizing antibodies against these aSFV proteins were not sufficient for antibody-mediated protection.
Based on the functions of various proteins in aSFV, we synthesized peptide groups that mimicked these proteins, tested them for immune response individually, and selected the most responsive peptides. These 17 most responsive peptides were combined into four combinations for a vaccination study against aSFV in pigs. combination 1 addressed the proteins p220, a precursor of structural proteins p158, p327, p14 and p11.5, a structural protein. combination 2 targeted the proteinase S273r and p22, a structural protein incorporated into the membrane of infected cells, and a serine proteinase inhibitor. combination 3 comprised peptides mimicking p30, a peptide that inhibits virus internalization, and p72, a major aSFV capsid protein. Group 4 targeted p54, an inhibitor of virus binding.
The results of this study indicated that the vaccination of pigs with the different synthetic peptide combinations resulted in a significantly increased average survival in the animals administered combination 3 (Group 3) and combination 1 (Group 1) over the control group. Group 3 animals showed an average increase in survival survival time of approximately 4 days compared to the control group, and of 2 days compared to the Group 1 animals. combinations 2 and 4 did not significantly increase survival time in the aSFV challenged pigs. of interest, p72, which acts at the first step of viral attachment and replication, and p30, which acts at the second step to inhibit viral internalization, were represented as synthetic peptides in combination 3 -the combination most successful in increasing survival.
These findings, that vaccination with synthetic peptides increased survival by even 4 days, have significant practical applications. Potentially, with further reaserch, survival may be prolonged to weeks post-infection. increased survival provides a partial solution to reducing the enormous practical problems associated with the need for rapid (within 1-3 days) termination (by cremation) of complete animal populations of infected pigs in all regional farms, in accordance with internationally accepted requirements.
In conclusion, vaccination with specific synthetic peptides significantly delayed mortality in domestic pigs infected with aSFV. These results confirm the usefulness of designing and studying synthetic peptides to develop effective vaccines against aSFV infection.
